Solid hydrogenic pellets are used as fuel for fusion energy machines like the ITER device. This paper discusses the numerical modeling of a Pellet Production System (PPS) that is used to generate these pellets. The PPS utilizes a source of supercritical helium to provide the cooling that is necessary to precool, liquefy, and solidify hydrogenic material that is ultimately extruded and cut into fuel pellets. The specific components within the PPS include a pre-cooling heat exchanger, a liquefier, and a twin-screw solidifying extruder. This paper presents numerical models of each component. These numerical models are used as design tools to predict the performance of the respective devices. The performance of the PPS is dominated by the heat transfer coefficient and viscous dissipation associated with the solidifying hydrogenic fluid in the twin-screw extruder. This observation motivates experimental efforts aimed at precise measurement of these quantities.
INTRODUCTION
Fusion energy machines like the ITER device require a continuous supply of solidified hydrogenic fuel pellets for steady state operation [1] . These fuel pellets are created by a pellet production system (PPS). A pellet production system for the ITER device will consist of four separate but integrated components: 1) Precooler: a heat exchanger that cools the hydrogenic fluid from 300 K to a saturated vapor state 2) Liquefier: a heat exchanger that liquefies the hydrogenic fluid 3) Extruder: a heat exchanger that solidifies and extrudes hydrogenic fluid 4) Cutter: a device that breaks the extruded rod into pellets that are inserted into a gas gun for injection into the plasma Figure 1 illustrates, conceptually, the precooler, liquefier, and extruder integrated within the ITER device.
The ITER device will have six independent PPS. Fuel rate requirements will change over the first six years that ITER is operating; for the first two years of operation each PPS is required to produce 0.11 g/s of solid normal hydrogen pellets, the second two years require 0.22 g/s of solid normal deuterium pellets, the remaining years require a 0.33 g/s mixture of deuterium and tritium [1] . In this paper these fluids will be generally referred to as hydrogenic fluids unless a calculation is specifically for a particular isotope. The hydrogenic fuel must be kept at a sub-atmospheric pressure of 0.9 bar to prevent tritium leakage. The PPS is housed under high vacuum and surrounded by MLI. Because the PPS is still in early stages of the design process, parasitic heat loads from design specific elements such as the environment and mounting supports are not considered in this analysis.
A PPS will be cooled by a supply of supercritical helium gas nominally at 4.5 K and 5 bar. An estimated helium mass flow rate of 9 g/s is available to cool the combination of the three devices [1] . The PPS considered here is modeled to operate at maximum load with 4.5 g/s of helium to account for unforeseen heat loads and for flexible system operation. The precooler, liquefier, and extruder each require detailed modeling and design flexibility to meet the demands of ITER. The modeling of these three integrated devices, from a conceptual flow requirement standpoint, is the focus of this work.
MODEL OF THE PRECOOLER
The precooler is a counter-flow heat exchanger that cools the hydrogenic flow from 300 K to 25 K by heat exchange with a stream of supercritical helium entering at 4.5 K. The primary design constraints on the precooler are related to the pressure drop associated with the hydrogenic flow, the required mass flow rate of helium, and the overall precooler size. Although a first order effectiveness-NTU analysis is useful for determining a starting point for the design, the thermal properties of the fluids and precooler materials change significantly with temperature; therefore the effectiveness-NTU analysis, which uses averaged properties, does not provide precise predictions. The numerical model described here explicitly accounts for the temperature-dependent properties within the precooler.
The initial precooler design consists of a pair of equal size copper tubes that are soldered together and coiled around a mandrel. The precooler is divided into N segments, each segment includes three control volumes that encompass the hydrogenic stream, the precooler wall material, and the helium stream, respectively, as shown in Figure 2 .
The rate at which energy is transferred into a hydrogenic control volume due to the mass flow rate of the hydrogenic stream is:
where h m is the mass flow rate of the hydrogenic stream, and i h,i is the enthalpy of the hydrogenic fluid. The pressure driven enthalpy change is small; therefore in the limit of small temperature changes across a control volume the change in enthalpy can be expressed as the product of the specific heat capacity at constant pressure , ,
Axial conduction through the fluid is negligible due to the high flow velocity and relatively low thermal conductivity of the fluid (i.e., the flow is characterized by a large Peclet number). The rate of heat transfer from the hydrogenic stream to the heat exchanger wall is
where h h,i is the local convective heat transfer coefficient, per is the inner perimeter of the tube, and ∆x is the axial spacing between nodes. The local convective heat transfer coefficients for the hydrogenic and helium streams, h h,i , and h c,i , are determined using the correlations for internal flow that are included in the Engineering Equation Solver (EES) software function Pipeflow [3] . This function checks whether the flow is laminar or turbulent, developing or fully developed, etc. and selects the most appropriate correlation from a commonly used set; more details can be found in [2] . An energy balance on a hydrogenic stream control volume is obtained from Equations (1)- (3):
T T m c T m c T h per x T
The rate of axial heat transfer into the left side of the heat exchanger wall control volume is
where c A is the cross sectional area of the material in the axial direction and m,i k is the thermal conductivity of the precooler material evaluated at the average temperature of the associated material nodes (T m,i-1 and T m,i ). The rate of axial heat transfer out of the right side of the material control volume is ( )
An energy balance on the material control volume leads to ( ) ( )
The rate of energy transferred with mass into a helium control volume is
and the rate of energy transferred with the helium flowing out is
The rate of heat transfer from the wall material into a helium control volume is
The energy balance on a helium control volume is 
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The temperature of the hydrogenic stream entering the heat exchanger is T h,1 = 300 K and the boundaries of the precooler material are assumed to be adiabatic. The temperature of the helium stream entering the precooler is T c,N = 4.5 K. EES is used to solve the implicit system of equations represented by equations (4), (7), and (11) together with these boundary conditions [3] .
The quantities of interest for the design of the precooler are the mass flow rate of helium and the length of tubing required to achieve a specified hydrogenic fluid outlet temperature, T h,N = 25 K. The associated hydrogenic stream pressure drop is also important as there is limited pressure available to pump the hydrogenic fluid through the PPS. Initial design investigations focused on standard tube sizes: 6.35 mm, 7.94 mm, and 9.53 mm. Figure 3 illustrates the required length of tube and pressure drop on the hydrogenic fluid side as a function of the helium mass flow rate for tritium at a flow rate of 0.33 g/s. The hydrogen and deuterium cases are not shown because the tritium case is a limiting flow scenario.
The pressure drops for each of the individual control volumes are calculated by the Pipeflow function; summing over all of the control volumes provides the total pressure drop. Figure 3 shows that the pressure drop increases significantly when the tube is changed from the 6.35 mm to the 7.94 mm size. We have selected a tube size of 7.94 mm with a total precooler length of 3 m to limit the pressure drop to less than 25 % of the incoming pressure. Table 1 lists the operating characteristics of a precooler with these nominal dimensions for several operating conditions. 
MODEL OF THE LIQUEFIER
The liquefier is a heat exchanger that liquefies the hydrogenic flow leaving the precooler in order to provide a vapor free stream to the twin-screw extruder. It is desirable for the liquefier to have a gravity-fed reservoir of hydrogenic liquid in order to buffer variations in demand that result from changes in extruder operating conditions and speed. The important considerations for the design of the liquefier are the helium mass flow, heat transfer from the hydrogen, and total liquefier size. The liquefier design is simplified because the large cross sectional area results in a small pressure drop in the hydrogenic flow; however it is necessary to enhance convection on the hydrogenic-side of the heat exchanger by adding fins to the helium tube. Figure 4 shows the control volumes for a numerical analysis of the liquefier. The fin spacing is smaller than the node spacing and each hydrogenic control volume comprises the fluid between several fins. It is assumed that the condensate dripping off of the fins does not affect condensation on other sections of the tube. The energy balances that are used for the helium control volumes are identical to those used to analyze the precooler, equation (11). The energy balance for the liquefier material is substantially different from the precooler analysis because it is necessary to account for the presence of the annular fins.
The rate of heat transfer from the hydrogenic fluid to the tube wall and fin surface is
where T h is the saturation temperature of the quiescent hydrogenic fluid, A f and A uf are the finned and non-finned areas within the control volume, respectively, and η fin is the fin efficiency. The fin efficiency is the ratio of the actual heat transfer from the fin, , f i q , to the heat transfer from an isothermal fin at the base material temperature T m,i ,
where r out and r in are the radii to the outer and inner edges of the fin, respectively. The actual heat transfer from the fin can be derived as [2] ( ) 
where k f,i is the thermal conductivity of the fin material at temperature T m,i . The mean convective heat transfer coefficient, h i is determined using the internal EES function that provides the mean convective heat transfer coefficient for condensation on an annular finned tube in quiescent saturated vapor, Cond_finned_tube; more information about this correlation can be found in [2, 3] . An energy balance on the material control volume for the liquefier gives (
where A c is the cross sectional area of the tube wall in the axial direction excluding the fins. The liquefier system of equations (11), and (12)-(16) can be solved for various finned tubing manufacturer specifications numerically using EES. A maximum helium mass flow rate of 2 g/s is budgeted for the liquefier. The geometry of the liquefier allows for a helium tube chord length of approximately 2 m. Within these tolerances a 6.35 mm nominal outer diameter tube size with 4.76 mm fin height, 7 per cm fin pitch, and fin width of 0.38 mm is recommended for the liquefier. The calculated helium mass flow rates for the various flow specifications are given in Table 2 .
MODEL OF THE EXTRUDER
The extruder is a counter-flow heat exchanger that incorporates rotating twin-screws to precess a solidifying hydrogenic flow. A numerical model of a prototype twin-screw extruder cooled by a Gifford-McMahon cryocooler was presented in a prior publication [4] . The model numerically integrates a set of conservation equations in the flow direction in order to determine the temperature distribution of the solidifying flow and the wall. A shooting technique is used to satisfy all of the boundary conditions. One of the boundary conditions, the heat transfer at the cold end of the extruder, is obtained by integrating the model with the cryocooler load curve.
A sensitivity analysis with the model shows that the viscous dissipation and 2-phase convective heat transfer coefficients are the dominant variables affecting extruder performance [4] . A Cryogenic Couette Viscometer (CCV) is being developed to measure the viscous dissipation and convective heat transfer coefficient of solidifying hydrogenic fluid because little information exists for these key flow properties [5] . Although the viscous dissipation of solid nitrogen has been measured, further modifications to the CCV are necessary before measurements of the solid can be reported.
To determine the total heat transfer required to solidify the hydrogenic flow, viscous energy dissipation is added to the required transfer of enthalpy. Based on the calculations in [4] the viscous energy dissipation is typically less than 25 % of the total required cooling load at the optimal rotation speed. For this analysis a conservative value for the viscous dissipation will be approximated as that equivalent to 50 % of the total required enthalpy transfer to solidify the flow. Table 3 lists the approximate heat transfer required to solidify and sub-cool each of the hydrogenic flows from the saturated liquid state to 2 K below the triple point. For standard copper tubing sizes less than 4.75 mm the pressure drop increases substantially. Based on this observation, the recommended tubing size is 4.75 mm diameter by 0.5 m length. The recommended helium flow rates are based on a 2 K temperature rise in the helium stream.
The results presented in Table 3 are rough approximations for the prototype development because the amount of viscous dissipation occurring within the extruder remains uncertain. Experimental measurements from the CCV and the prototype extruder operating at Oak Ridge National Lab will significantly improve the ability to predict the necessary tubing dimensions and mass flow rates. 
CONCLUSIONS
Numerical models of a hydrogenic pellet production system are presented. The precooler model predicts that a standard tubing size of 7.94 mm by 3 m length with a helium mass flow rate of approximately 1 g/s is sufficient to cool the maximum load situation of an ITER pellet production system from 300 K to 25 K. The liquefier model predicts that a satisfactory liquefier would employ a 1.25 m length, 6.35 mm nominal outer diameter tube size with 4.76 mm fin height, 7 per cm fin pitch, and fin thickness of 0.38 mm, paired with a helium mass flow rate of approximately 1 g/s. The recommended dimensions for the helium coolant line associated with the extruder are 4.75 mm diameter by 0.5 m length; however additional measurements of the viscous dissipation are required to verify the accuracy of this estimate.
